A design of microfluidic devices is presented to integrate single-mode, liquid-core waveguides with microfluidic channels that generate and deliver disklike emulsion microdroplet cavities doped with an organic dye. The microcavity modes can be directly coupled to the liquid waveguide. Cavity-enhanced spontaneous emission was observed at the waveguide with low pump pulse energy. ings [4-7] were reported with a wide range of applications in molecule diagnosis or laser emission. Most of the cavity structures are made by microfabrication processes and the optical performance is affected by the fabrication quality, including etching-induced surface roughness. Among the reported microfluidic cavities, liquid microspheres implemented by microdroplets showed an extremely high quality factor, usually more than 10 6 , due to a perfect sphere naturally developed by surface tension. Cavity-enhanced fluorescence, nonlinear optics, and quantum electrodynamics with low pump threshold energy were demonstrated. However, to tap resonant modes of the droplet cavity by optical fibers or waveguides is challenging. In this Letter, a microfluidic platform is proposed by monolithically integrating microfluidic channels with liquid-core waveguides. The microfluidic channels are used to generate and deliver disklike microdroplets to the liquid-core waveguide for mode coupling. Compared with microsphere cavities, these disklike microdroplets have smaller mode volume. Additionally, because the waveguide is made by liquid, there is no physical gap defined between the microdroplet and the waveguide. Weak or strong coupling is applicable. The disklike microdroplet cavity, resembling a microdisk resonator, can support multiple whispering gallery modes (WGM) [4, 8] . The radial-dependent electromagnetic field of WGM can be approximately described by [9] :
Liquid-based optical microcavities are the key components in the study of optofluidics. Many types of liquid cavities such as Fabry-Perot resonators [1, 2] , circular feedback Bragg gratings [3] , microspheres, and microrings [4] [5] [6] [7] were reported with a wide range of applications in molecule diagnosis or laser emission. Most of the cavity structures are made by microfabrication processes and the optical performance is affected by the fabrication quality, including etching-induced surface roughness. Among the reported microfluidic cavities, liquid microspheres implemented by microdroplets showed an extremely high quality factor, usually more than 10 6 , due to a perfect sphere naturally developed by surface tension. Cavity-enhanced fluorescence, nonlinear optics, and quantum electrodynamics with low pump threshold energy were demonstrated. However, to tap resonant modes of the droplet cavity by optical fibers or waveguides is challenging.
In this Letter, a microfluidic platform is proposed by monolithically integrating microfluidic channels with liquid-core waveguides. The microfluidic channels are used to generate and deliver disklike microdroplets to the liquid-core waveguide for mode coupling. Compared with microsphere cavities, these disklike microdroplets have smaller mode volume. Additionally, because the waveguide is made by liquid, there is no physical gap defined between the microdroplet and the waveguide. Weak or strong coupling is applicable. The disklike microdroplet cavity, resembling a microdisk resonator, can support multiple whispering gallery modes (WGM) [4, 8] . The radial-dependent electromagnetic field of WGM can be approximately described by [9] :
where J m , k, n d , α d , and r are the mth Bessel function, the wavenumber, the refraction index of the resonator, the evanescent decay constant along the radial direction, and the radial coordinate, respectively. m is the azimuthal mode number and l is the radial mode index. The WGM can be coupled to a waveguide mode once they are close to each other. Figure 1 shows the architecture of the microfluidic chip for studying optical coupling of the microdroplet cavities and the liquid-core waveguides. The liquid-core waveguides and microfluidic channels are coplanarly integrated on the same chip made by polydimethylsiloxane (PDMS). The technique to yield emulsion microdroplets from immiscible liquids has been well-studied by incorporating T-junction or flow-focusing designs of microfluidic channels [10] . In this Letter, we adopt flow-focusing design to generate disklike microdroplets since the size of the microdroplets is more easily controlled and the droplet flow is kept at the center of the microfluidic channels without touching channel sidewalls. By engineering the flow rates of two immiscible liquids under a steadystate condition, a flow of discrete emulsion microdroplets made by one of the liquids is produced. To observe light coupling between the microdroplet cavity and the liquid-core waveguide, the dye Rhodamine 6G (R6G) is doped in the microdroplets which are optically pumped near the joint of the microfluidic channel and the liquidcore waveguide. The excited WGM are coupled to the waveguides.
The detailed waveguide structure is shown in Fig. 2 (a). Unlike most liquid waveguides with a rectangular profile, a rib waveguide structure is proposed in this Letter to readily accomplish single-mode guiding. The microdroplet is made by benzyl alcohol mixing with R6G, and the waveguide is filled with mineral oil. The refractive indices of these two liquids are 1.54 and 1.48, respectively. The refractive index of benzyl alcohol is higher than that of mineral oil to have better light confinement inside the microdroplets. The top and bottom cladding material is PDMS which has lower refractive index of 1.41.
To give an insight into the WGM of the microdroplet and the mode profile of the liquid-core waveguide, COM-SOL Multiphysics was used to simulate the electric field distributed in these two components. Zone II and Zone I are defined regions to represent the cross section of the liquid-core waveguide and the medial half plane of the microdroplet cavity. The channel height was assumed to be 10 μm. The rib height and width were then determined to be 5 and 12 μm, respectively, according to an empirical equation for designing a single-mode waveguide [11] . These waveguide dimensions were also verified by CMOSOL, showing only one transverse-electric mode existing. The mode field was plotted in Fig. 2(b) . The WGM was analyzed by introducing a system of cylindrical coordinates, aligned with the axis of rotational symmetry of microdroplets [12] . By examining the contact angle of the same droplet immersed in the mineral oil with respect to the PDMS substrate, the radius of curvature of the microdroplet at the liquid-liquid interface was estimated to be 47.8 μm. The diameter of the droplets generated by flow focusing is around 80 μm, according to an image taken under a microscope. Based on these measured parameters, the WGM with the lowest radial mode index was plotted in Fig. 2(c) , where the simulated resonant wavelength is 580 nm. When the microdroplet is close to the waveguide, these two optical modes overlap and result in strong coupling.
The top plate of tested samples was fabricated by PDMS molding on a predefined SU8 (Microchem SU8 3000 series) structure. The PDMS surface was treated by oxygen plasma and then bonded to another flat PDMS substrate for a curing period of 30 min. To verify the waveguide coupling effect, other samples without the rib structure were provided as reference.
The dispersion-phase solution was prepared by R6G dissolved in benzyl alcohol (Alfa Aesar, 99 %) at the concentration of 3 mM as the main material of the microdroplet cavity. The continuous-phase liquid, a mineral oil (Alfa Aesar) was used to fill the microfluidic channels and the liquid-core waveguides. These two immiscible liquids were injected into the samples through the inlet holes by syringe pumps. To generate microdroplets with the desired diameter, the dispersion-phase and continuous-phase liquids were kept at constant flow rates Qc∶Qd 20∶2 uL∕h. The generated flow of microdroplets and the fabricated waveguide core are shown in Fig. 3 .
A tunable pulsed laser (EKSPLA NT341A-10-AW) at the wavelength of 532 nm was focused on the joint of the waveguide structure and the microfluidic channel as the excitation source. The pumping duration is 4 ns with a repetition rate of 10 Hz and the focused spot size is 4 mm 2 . The photoluminescence (PL) was recorded at the end of the liquid-core waveguide by a CCD-arrayed spectrometer (Ocean optics, USB4000 fiber optic spectrometer), with a spectral resolution of 0.4 nm. The spectral measurement was synchronized to the pulse repetition rate until the PL signal was readable. Besides the microdroplets passing through the liquid-core waveguide, we also investigated two operation schemes, one in which the microdroplets passed through a microfluidic channel without a rib structure and one in which a laminar dispersion-phase flow passed through a liquid-core waveguide. The measured spectra were summarized in Fig. 4 . In the case of either no microdroplet or no liquid-core waveguide, the measured PL is relatively broad in the spectrum and the intensity is weak. The signal mainly came from spontaneous emission of bulk solution containing R6G. When the microdroplet approached the liquid-core waveguide, the resonant modes were coupled to the waveguide and propagated to the terminal. It can be confirmed by the measured spectra that the peak intensity of PL is strongly enhanced and the bandwidth is narrowed, resulting from cavityenhanced spontaneous emission of multiple resonant modes.
Since the liquid-core waveguide is weakly guided, highorder resonant modes from the disklike droplets could also be coupled. At low pumping level, several small contiguous peaks appear next to the main peaks shown in the spectrum (Fig. 5) . These tiny peaks, exhibiting the same free spectral range (FSR) as the fundamental WGM (main peaks), are possibly correlated with high-order WGM, typically with a smaller quality factor. The FSR was estimated to be 0.97 nm, corresponding to a disklike droplet cavity of 80 μm in diameter inferred by numerical simulation. However, at high pumping level, extra highorder WGM emerge and are amplified. The individual resonant peaks can't be clearly resolved by the spectrometer. A combination of mode emissions is shown in Fig. 4(c) .
The peak value of PL versus pump intensity is displayed in Fig. 6 . In general, for the tested samples without a rib structure or microdroplets, the peak value of observed PL increases slowly. However, the peak intensity of coupled resonant modes increases swiftly and linearly once the pulse energy density is above a threshold value of 25.54 μJ∕mm 2 . Due to the limitation of spectral resolution, laser linewidth is not resolved. Nevertheless, cavityenhanced spontaneous emission is apparently inspected.
In summary, we have presented a microfluidic platform for monolithically integrating liquid-core rib waveguides with microfluidic channels. Via this platform, the disklike microdroplet cavities were generated, delivered, and coupled to the waveguides. Because the rib waveguide is single mode, the WGM are coupled to the waveguide effectively. More complex microfluidic designs could be incorporated to further control the position of microdroplets, and all-liquid integrated photonics could be potentially accomplished. 
